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ABSTRACT 
 
 
The objectives of this thesis were: i) to determine the minimum time required to record data 
from each individual load cell in the force plate system in order to obtain accurate sow weight 
distributions on each leg to objectively detect lameness,  and ii) to develop a lameness detection 
decision tree from the force plate output collected in a commercial setting. In the first study, 
lameness was induced in 12 multiparous sows using a chemical synovitis model. Weight applied 
to each foot was recorded twice per second for 15 min on days -1, +1, +6, and +10 relative to 
lameness induction. Results suggest that there could be potential data collection problems after 
12 min; therefore, 10 min was considered the maximum time required for weight recordings. 
Utilizing a 30 sec burn-in period to allow sows to become acquainted with the force plate, 30 to 
210 sec was the time period that had the best combination of different readings and speed of 
collection compared to 30 to 630 sec. In the second study, one force plate was installed under an 
electronic sow feeder (ESF) in a dynamic group sow housing system with 120 multiparous sows 
for 21 days. Force applied by each foot was recorded once per second after the sow stood 
squarely on the plate and applied pressure to all quadrants during her first daily visit to the ESF. 
Sows were visually lameness scored using a four-point scale on a weekly basis. A decision tree 
was created using the variables that were deemed as more important for accurate lameness 
detection. The classification tree was 96% similar to weekly visual lameness identification. 
When comparing the output from the daily classification tree to a weekly visual lameness 
assessment, the force plate was able to identify lameness almost 5 days before it was visually 
assessed. Results from this thesis can be used to improve the embedded microcomputer-based 
force plate use efficiency when evaluating sow lameness and could help to identify lameness 
before clinical signs become evident.
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CHAPTER 1: GENERAL INTRODUCTION 
 
Group sow housing is becoming more common in both the United States and abroad 
because of its benefits from an animal welfare perspective including greater freedom of 
movement and the ability to socialize. This comes at the expense, however, of aggressive 
interactions and lameness (Anil et al., 2005a; Backus et al., 1997; Pajor, 2002).   
Lameness is defined by Merriam-Webster (2015) as “having a body part and especially a 
limb so disabled as to impair freedom of movement”. Lameness in sows is critically important as 
it is responsible for 10% of sow removals from the herd (Anil et al., 2009; Nikkilä et al., 2013). 
Many of these sows may not have reach their reproductive potential, being culled on average 
between 2.1 and 2.6  parities compared with the average sow being culled for any other reasons 
between 4 and 4.4 parities (Engblom et al., 2008; Pluym et al., 2013a; Sasaki and Koketsu, 
2010). Additionally, lame sows produce fewer pigs per year (Anil et al., 2009). 
There are many factors that affect sow lameness including the animals’ conformation, 
lesions, nutrition and type of flooring (Anil et al., 2007; Bryan et al., 1985a; Calderón Díaz, et 
al., 2013; de Carvalho et al., 2009; de Sevilla et al., 2009; Hill et al., 1983; Jørgensen and 
Sørensen, 1998; Pluym et al., 2011).  
Currently, lameness in swine breeding herds is evaluated visually. Several visual scoring 
methodologies have been developed in recent years and, when used by trained and experienced 
observers, lameness identification is accurate (Main et al., 2000). However, that can be 
challenging in an industry that can lack qualified personnel (Loula, 2000). Therefore, utilizing an 
objective mechanical approach could add value to the commercial swine industry.   
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There are many lameness identification procedures that have been tested in the laboratory 
including kinematics, accelerometers (Grégoire et al., 2012) and digitized motion analysis 
software (Flower et al., 2005). In a commercial environment, pedometers and walking speed 
have been tested in dairy cattle (Chapinal et al., 2010a; O’Callaghan et al., 2003). In swine, 
utilizing the ESF to identify the number of feeder visits and feed consumption can be used to 
identify sick or lame animals; however, this has low specificity (Cornou et al., 2008).  
The research within this thesis discusses the embedded microcomputer-based force plate 
system, which is another lameness detection device that has been used in a laboratory setting. It 
focuses on refinement of the process for utilizing the force plate and the implementation of the 
force plate in a commercial setting.   
Thesis Organization 
This thesis is organized into 5 chapters. The first chapter is a general introduction on sow 
lameness and methods for lameness assessment. The second chapter is a literature review on 
group sow housing, sow lameness, sow longevity, causes and risk factors of sow lameness, 
methods of lameness scoring and classification trees. The third and fourth chapters relate to 
research on the embedded microcomputer-based force plate system, in relation to the time 
required for sows to occupy it (Chapter 3) and implementation in a commercial setting (Chapter 
4). The final chapter is a general conclusion of these results.   
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Practical Implications 
 
The results from this research can be used by researchers to make studies more efficient and by 
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CHAPTER 2: LITERATURE REVIEW 
 
I. Group sow housing  
Group housing of gestating sows is becoming increasingly popular in recent years. In 
Europe, the use of gestation stalls from 28 days post service until 7 days prior to farrowing has 
been banned since January 2013. In the USA, gestation stalls are banned in Florida, Arizona, 
Oregon, Colorado, California, Maine, Michigan and Ohio and it is likely that other states and 
countries will adopt similar production practices. Group housing provides several benefits such 
as greater freedom of movement, improved cardiovascular fitness (Marchant et al., 1997) and the 
opportunity for social interactions (Pajor, 2002). However, group housing also presents 
challenges such as aggressive interaction among unfamiliar sows (Pajor, 2002) making sows 
more prone to injuries and lameness (Anil et al., 2005a; Backus et al., 1997). 
a. Productivity 
The classification of the different group housing systems is based around the feeding 
system used. Some of the most common group housing types include the use of an electronic 
sow feeder in which an electronic identification ear tag is used to classify the individual animal 
and outputs the required feed (Olsson et al., 2011). Trickle feeding systems have partial stalls 
where feed is slowly dropped down to allow multiple sows to eat at the same time. Free access 
stall system allows sows to go into a gestation stall to eat and then exit and have access to a 
group area (Backus et al., 1997).    
The group housing system used could affect sow productivity. Backus et al. (1997) 
compared four housing systems including (gestation stalls, free access stalls, trickle feeding 
system and an electronic sow feeding system). The authors found no difference in the pigs 
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produced per litter; however, the gestation stalls (6.6) and free access stalled sows (6.2) had a 
lower wean to insemination interval compared to sows housed in groups with an Electronic sow 
feeder (7.3) and sows housed on a pen with a trickle feeder (7.3). Additionally, Sows in the ESF 
(19.5%) and trickle feeder (17.8%) had a higher percentage of lameness compared to sows in 
gestation stalls (8.4%) and free access stalls (10.4%). This is similar to work by Chapinal et al. 
(2010b) who found no difference in piglet birth weight and total piglets born alive between sows 
housed in an ESF, trickle feeder, or gestation stalls. Conversely, sows housed in an ESF system 
had fewer piglets born dead (0.5) than trickle feeding (1.0) or gestation stalls (1.2).   
b. Aggression 
As the swine industry moves toward group housing, sow aggression becomes a larger 
issue in both dynamic and static pens (Marchant et al., 1995). In a dynamic group system sows 
enter the gestation pen on a regular (potentially weekly) basis and exit the pen to farrow on the 
same regularity. In a static group system, sows all enter the pen for together and leave to farrow 
at the same time. Sows that enter a dynamic group setting are more likely to lose fights as they 
are smaller and are new to the pen. Nevertheless, sows that are the same size when mixed are the 
most likely to fight resulting in problems mixing sows for static groups (Arey and Edwards, 
1998). Additionally, Anil et al. (2006) reported that sows housed in a dynamic group had more 
injuries compared to sows housed in a static group setting.  
Aggression among sows is related to the space available. Remience et al. (2008) stated 
that sows housed in dynamic groups with 3 m
2
/sow had less one-way aggressive interactions 
towards new sows and injuries than sows housed at a rate of 2.25 m
2
/sow. However, the authors 
found no difference in the amount of two-way interactions. This is similar to results reported by 
Weng et al. (1997) who studied 8 groups of 6 sows each in pens with 2, 2.4, 3.6, and 4.8 m
2
/sow. 
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The authors stated that sows on the 2 m
2
/sow pen had significantly higher number of aggressive 
interactions between sows (816 vs. 434 aggressive interactions during 46 h) compared with sows 
housed in the 2.4 m
2
/sow pens. Furthermore, sows housed on the 2 m
2
/sow pen had the highest 
prevalence of injuries.  
Pen design may play an important role in sow mixing as including barriers and having a 
non-square pen reduced the number of injuries among mixed sows (Arey and Edwards, 1998). 
Barnett et al. (1993) reported similar results when a non-square pen was used to house sows, 
however did not find any difference in fighting by including stalls in a group pen.  
In group housing systems with an electronic sow feeder (ESF), feeding time could aid to 
reduce aggression between sows. Jensen et al. (2000) reported that starting the feeding period in 
the middle of the night reduced the fighting around the feeder. Additionally, the settings of the 
electronic sow feeder for delivery speed have been shown to effect sow aggression. Olsson et al. 
(2011) studied sows housed with an ESF system who received feed once every 30, 20, and 10 
sec or up to 200, 300 and 750 g of feed per min. Twenty-three percent of sows in the group who 
received feed every 10 sec had severe vulva bites compared to 3% and 6% for the 30 and 20 sec 
groups, respectively.      
II. Sow lameness  
a. Definition 
Lameness is defined as “having a body part and especially a limb so disabled as to impair 
freedom of movement” (Merriam-Webster, 2015). Sow lameness is a multifactorial trait. Causes 
include osteochondrosis, arthrosis, infectious arthritis, sole ulcers/lesions, hoof wall cracks, 
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footroot, torn dewclaws, long toenails, shoulder lesions/injuries, broken bones, poor structure, 
and diseases affecting the musculo-skeletal system (Dewey et al., 1993).  
b. Importance       
  Sow lameness is an important factor in the swine production system as it is associated 
with increase production costs. Lameness is responsible for 10% of sow removals from a 
breeding herd with most removals occurring before parity 3 (Anil et al., 2009; Nikkilä et al., 
2013). Furthermore, 28.5% of sow euthanasia is due to lameness (Christensen, et al., 1995; 
D’Allaire et al., 1987; Engblom et al., 2008). This has implications on sow longevity, worker 
morale, and animal welfare. 
Direct costs include veterinary and treatment costs as well as an increase in labor costs. 
Furthermore, lameness is associated with loss of production, reduced slaughter value, and loss of 
revenue from cull sow income when needing euthanasia (Rowles et al., 2001). It has been 
estimated the cost associated with a single case of lameness range from approximately $29.90 to 
$418.40 depending on if the sow is treated and recovers or ultimately the animal needs to be 
euthanized (Willgert, 2011).  
Lameness can be a welfare issue and is one of the most important indicators of animal-
based welfare measures in swine (Whay et al., 2003). Bonde et al. (2004) reported that lame 
sows had more trouble successfully laying down exhibiting uncontrolled movements and 
deviations for normal lying down behavior. Lameness also reduces the sow ability to move 
quickly and securely thereby hindering her capacity to escape from an aggressive interaction 
when housed in groups (Metz and Bracke, 2005). 
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c. Production impact 
A study by Pluym (2013a) and coauthors included 491 sows from 5 farms and collected 
data on lameness indicators and sow performance. The authors reported that lame sows were 
twice as likely to have mummified fetuses compared to non-lame sows. Anil et al. (2009) 
conducted a study comparing number of pigs born alive per sow day on 674 multiparous sows 
identified as sound or lame prior to farrowing. Lame sows had 0.02 fewer piglets born alive per 
sow day than sound sows. The difference was attributed to the fact that lame sows had smaller 
litters and fewer bred lame sows farrowed compared to sound sows. However, there is limited 
research regarding the impact of sow lameness on piglet performance. Most of the studies have 
focused only on piglet mortality. Nevertheless, Fitzgerald et al. (2012) reported that sows with a 
greater toe lesion scores such as cracks in the hoof wall, tended to produce lighter weaning 
weights. The effect of sow lameness on their offspring during the grow-finisher period is still 
unknown as, to my knowledge; there are not studies in the scientific literature regarding the 
topic. Additionally, the most common reason for high producing sows to be culled is due to 
lameness (Anil et al., 2005b). Therefore, not only are lame sows on average producing fewer 
piglets, it also causes high producing sows to leave the heard earlier.  
III. Sow longevity 
Over the last five years the United States average annual culling rate has been 45.67% 
and the average death rate 8.5% (PigCHAMP 2014; PigCHAMP 2013; PigCHAMP 2012; 
PigCHAMP 2011; PigCHAMP 2010). Thus, over 54% of the herd is getting turned over on a 
yearly basis. By increasing the longevity of a sow herd a producer can increase significantly their 
income (Kroes and Van Male, 1979). There are many potential causes of poor sow longevity 
including reproductive failure, poor performance, old age, lameness, death, and disease, with 
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lameness being one of the most common reasons (Stalder et al., 2004). However, a study 
following gilts across 9 farms through the second parity reported that lameness, splayed limbs 
and unsoundness accounted for 36.5% of the sows removed from the herd (Tiranti and Morrison, 
2006). This is supported by work by D’Allaire et al. (1987) who reported that lameness is the 
third earliest reason that sows are removed from the breeding herd.   
It has been reported that average parity at removal of non-lame sows is 4 to 4.4 whereas 
average parity at removal for lame sows is 2.1 to 2.6 (Engblom et al., 2008; Pluym et al., 2013a; 
Sasaki and Koketsu, 2010).  
Comparing the days in the herd, Anil et al. (2009) followed 674 multiparous sows that 
were identified as sound or lame before farrowing. Sound sows remined in the herd an extra 162 
days compared to those identified as lame (approximately 1 extra parity).  
IV. Causes of sow lameness 
a. Leg Conformation 
Jørgensen (2000) followed 187 gilts with different structural correctness problem through 
their lifetime and measured leg weakness at each parity. The author stated that buck-knees, 
uncoordinated rear leg travel and sickle hocks have a negative effect on longevity, and that stiff 
pasterns and toeing out were associated with an increase in lameness.     
Tiranti and Morrison (2006) scored 961 gilts front and rear legs conformation. Six-
hundred and six gilts (63%) had undesirable front leg conformation of which 34% were culled by 
the second parity in contrast to 26% of gilts culled with a desirable front leg conformation. This 
is a similar trend to the 428 gilts with undesirable rear leg conformation, of those 35% were 
culled compared with only 27% with a desirable conformation. From the sows culled, 16.1% and 
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12.9% was directly attributed to front and rear leg poor conformation, respectively. This is 
similar to results reported by de Sevilla et al. (2009) that found that having too much set to the 
hock increased the likelihood of culling due to low fertility and poor pastern angle increased the 
likelihood a sow being culled for low productivity.  
b. Foot problems 
Foot problems such as foot lesions are common in commercial sows, affecting over 88% 
of sows (Anil et. al., 2007) and it has been estimated that up to 20% of lameness in sows is 
caused by foot lesions (Dewey et al., 1993). Foot lesions could cause lameness as they allow a 
point of entry for an infection that may affect the joints (Plyum et al., 2013a). This is partially 
due to how the weight is distributed between the two digits of the foot as 78% of the total force 
applied by a pig is placed on the outer toes (Webb, 1984). This is similar to findings by de 
Carvalho et al. (2009) for the rear legs, however they reported that the majority of the force for 
the front legs was applied to the inside toe. This is a problem as the ratio for the area of the outer 
to inner toe is only 1.25 to 1 (Webb, 1984).The difference in pressure applied to toe size per side 
is part of the reason that sows experience more foot lesions on the outside versus the inside toe 
(Anil et. al., 2007; Webb, 1984).  
Some foot lesions are more prevalent than others. Knauer (2007) and colleagues surveyed 
3158 cull sows at 2 Midwestern sow harvest plants and showed that heel lesions both rear 
(67.5%) and front (32.9%) were the most common foot lesion. Additionally, cracked hooves in 
the front (22.9%) and rear (18.1%) foot as well as long toenails in the front (3.5%) and rear 
(21.1%) foot were common. Shoulder lesions present on either shoulder (17.7%) were a common 
occurrence, while foot abscesses or missing dew claws were present only on 5% or less of the 
front or rear feet of the cull sows. Similar findings were reported by Bonde et al. (2004) in a 
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study conducted in 10 farms found long toenails (26%), rear feet wounds (22%) and shoulder 
lesions (12%) were the most prevalent foot problems within the herds.  
Reports regarding the relationship between foot problems and lameness are contradictory. 
Knauer et al. (2012) evaluated foot lesions on 923 culled sows at two US harvesting plants and 
compared the lesions to the reason the sow was removed from the herd. Three hundred twenty 
two (34.9%) sows had heel lesions on their front feet and six hundred seven (65.8%) had heel 
lesions on their rear feet; however, the prevalence of foot lesions did not differ between reasons 
for culling. However, the authors reported that sows culled because of lameness had a greater 
probability for the presence of cracked hooves. Additionally, associations with lameness have 
been found with white line lesions and dew claw length (Anil et al., 2007; Pluym et al., 2011). 
c. Nutrition 
Feeding for an optimal body condition score may play a role in preventing sow lameness. 
Bonde et al. (2004) observed that sows whose body condition was classified as thin were twice 
as likely to be lame compared with sows whose body condition was classified as normal. Anil et 
al. (2009) reported a similar result in weaned sows; however, the authors suggested that due to 
the loss of body weight, lameness was more evident. Knauer (2007) and colleagues stated that 
sows with a higher body condition score (BSC 4 and 5 = fat and grossly fat, respectively) are 
more likely to have heel lesions whereas thin sows (BCS = 1) are more likely to have cracked 
hooves. The authors hypothesized that heavy sows may apply more pressure to the heel, thus 
causing the lesion and conversely, that thin sows may have had reduced feed intake leading to a 
dietary deficiency. Sows that were heavier and those having greater body fat were reported to 
have an increase in foot lesion prevalence (Anil et. al., 2007).  
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Jørgensen and Sørensen (1998) fed three different diets starting at 6 weeks of age to 72 
gilts. The diets included a semi ad libitum (pigs fed ad libitum for 30 min twice a day), a control 
diet (met the Danish standard) and a 75% control diet (feeding to 75% of the Danish standard). 
They stated that feeding semi ad libitum was associated with a significantly weaker pastern angle 
and longer toes. Additionally, 46% of the sows in the semi ad libitum were culled due to 
lameness compared to only 25% and 21% in the control and 75% control groups respectively. 
This is similar to results reported by Quinn et al. (2015) that studied 36 gilts from 70 to 140kg  of 
body weight with three different treatments. The first treatment was restricted intake of a gilt 
developer diet with high calcium and phosphorus levels and supplemental zinc, copper and 
manganese. The second was an ad-libitum access to a finisher diet. The third treatment was were 
gilts were allowed ad-libitum access to the finisher diet to 100kg and then were fed a restricted 
diet of a gestation sow feed till 130kg and then were allowed ad-libitum access to the gestation 
sow diet. None of the gilts fed the ad-libitum diet developed lameness; however, 8 gilts from the 
second treatment and 9 gilts from the third treatment became lame. Yet, there was no effect on 
the prevalence of toe lesions.    
Biotin supplementation was evaluated by Bryant et al. (1985a) in 116 gilts, gilts were fed 
either a diet with no biotin supplementation or a diet with 440 μg/kg biotin for four parities. The 
females were then evaluated at the start of the study and then seven days after weaning for 
lesions and soundness. The biotin supplemented group had a significantly lower percentage of 
sows with heel cracks (13%), heel-horn junction cracks (41%) and side wall horn cracks (42%), 
with most of the benefit coming after approximately two parities. However, there was no 
difference in the lameness score of the two groups. A similar trend was identified in developing 
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gilts where feeding supplemental biotin at 220 μg/kg reduced the prevalence of side-wall cracks 
and heel cracks, but did not have an effect on lameness (Bryant et al., 1985b).  
Hill et al. (1983) evaluated the effect of supplemental Zinc at the rate of 0, 50, 500, and 
5,000 ppm, on 60 gilts for 2 parities. The authors reported that the group fed at 5,000 ppm had a 
significantly higher prevalence of osteochondrosis compared to the other three treatment groups. 
Brennan and Aherne (1986) fed three levels (0.5/0.4, 0.7/0.5 and 0.9/0.7% Ca/P) of calcium and 
phosphorus to growing gilts and boars. The authors found no difference in the lameness status or 
the level of osteochondrosis between the groups.    
V. Risk Factors of lameness   
   In a study conducted by Willgert (2011) on 113 breeding farms in England, sows housed 
indoors had the same prevalence of lameness as those housed outdoor. Regardless of the housing 
system though, husbandry may play an important role, as, the same study showed that farms with 
a lameness prevention plan had a lower level of lameness. Additionally, the author reported that 
farms that raised more pigs per year had significantly higher chances of having lameness in over 
5% of the herd (Willgert, 2011). The time of the year could also play an effect on lameness as 
Anil et al. (2005b) stated that sows were less likely to be culled due to lameness in a summer 
month compared to a non-summer month.  
Housing system may impact the likelihood of sows to be lame. Quinn (2014) scored 
lameness status in 1,122 gilts housed in both group housing (n=701) and individual stalls 
(n=421). There were 48.1% of the group housed gilts that were classified as lame and 30.4% of 
stall housed gilts were classified as lame. However, Quinn (2014) reported there was no 
difference in lameness between the housing systems for sows, suggesting that lameness is a 
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problem regardless of the housing system. A study looking at the prevalence of foot related 
issues reported that sows housed in groups were 10 times more likely to have a wall lesion and 
3.5 times more likely to have a heal lesion, compared to sows housed in a stall during gestation. 
Additionally, the lesions found on sows in the group gestation were more severe than those 
identified in sows stalled individually. These sows were housed with an electronic sow feeder 
that produces increased aggression during feeding time which may have contributed to these 
findings (Anil et al., 2007).  Within a group housing system, Pluym and colleagues (2011) 
followed 421 sows across 8 farms with either a static group with free access stalls or a dynamic 
group with electronic sow feeders. Sows were evaluated once for lameness during gestation and 
once for lesions during parturition. The authors found no difference in the lameness or lesion 
prevalence between the two housing systems.    
 An additional risk factor for lameness is the type of flooring in the sow barn. Utilizing a 
rubber mat has been shown to reduce the maximum pressure exerted by specific portions of the 
hoof by more evenly spreading the force over a larger area (de Carvalho et al., 2009). By, 
incorporating a rubber mat on the floor, the likelihood of lameness can be decreased in sows. 
Rubber floor has been associated with a higher prevalence of foot lesions; however, it decreased 
the prevalence of lameness (Calderón Díaz et al., 2013). This is in contrast to work by Elmore et 
al. (2010) who found no difference in sows housed with rubber matted pens or concrete pens. 
This agrees with work in dairy cattle though as rubber mats did not have a significant effect on 
lameness and productivity, nonetheless, cows moved around the pen more and showed a 
preference for the rubber floor (Boyle et al., 2007; Kremer et al., 2007).  
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VI. Methods of lameness scoring 
Determining lameness status is important for early detection, which can lead to proper 
treatment or receiving a cull price at slaughter instead of euthanasia. Engblom et al. (2008) 
performed necropsies on gilts and sows requiring euthanasia. For sows whose necropsy listed the 
primary pathological-anatomical diagnosis as osteochondrosis, only 62% had the major visual 
symptom requiring euthanization listed as lameness. This indicates the difficulty in properly 
identifying lameness. Dewey et al. (1993) performed postmortem examinations on 50 sows 
classified as lame from multiple farms within the same system. They concluded that the cause of 
lameness was not farm specific, and multiple causes were likely to be present at a given farm. 
a. Visual lameness scoring 
Several visual lameness scoring systems are currently used in pigs. Zinpro (2008) 
developed a 4 point scale scoring system where 0 = sound; 1 =sow moves easily, but there is a 
reluctance to use all legs comfortably; 2=sow starts arching her back or dipping her head to 
compensate for the lameness, and 3 = sow experience difficulty getting up and moving, with a 
unwillingness to put weight on the affected limb. Dewey et al. (1993) developed a 10 point 
lameness scoring system where 0 = normal gait; 1 to 3 = stiff gait; mild, moderate, or severe; 4 to 
6 = lame; mild, moderate, or severe; 7 =sow requires assistance to stand and then can walk but 
still can walk; 8 = sow can stand with assistance but then falls; 9 = sow cannot stand with 
assistance. Main et al. (2000) developed a 6 point lameness scoring system that observed the 
gait, standing posture and behavior of the pig. The scoring system using 0 to 1=alert, inquisitive 
behavior with normal and non-fluent gait; 2= similar to previous with an uneven standing 
posture; 3= will not bear weight on affect limb while standing, will use to walk; 4= the animal is 
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unwilling to put leg on the floor and will not use while moving; 5=animal is dull an unresponsive 
and will not move.  
Visual lameness observation may be challenging without proper training, as shown by 
Main et al. (2000). The authors had two trained lameness observers evaluate 201 pigs. These 
observers had a 94% level of agreement with each other. However, when seven observers 
unfamiliar with the scoring system evaluated lameness on 19 pigs previously identified by the 
trained observers; there was only 26 to 53% agreement between the trained and unfamiliar 
observers. Flower and Weary (2006) compared two trained lameness observers and reported a 
reliability between the two to be high (R
2 
= 0.69), however when comparing the observers on 
flexibility of the joints there was low reliability (R
2 
= 0.38).  
A possible problem with visual lameness observations is that animals may instinctively 
hide lameness from a visual lameness observer as a self-preservation mechanism until it becomes 
severe (O’Callaghan et al., 2003). Furthermore, pigs’ short neck and quick stiff movements make 
visual lameness evaluation even more challenging (Main et al., 2000). Additionally, producers 
that look at their animals every day may under identify the number of lame sows and may only 
identify severely lame animals (Alawneh et al., 2012). Underrepresentation of lameness by the 
farmer results in a lower amount being treated and thus higher prevalence of lameness in the 
farm (Leach et al., 2012).  Lameness assessments that do not rely on the human eye may offer a 
way to more accurately identify lameness.     
b. Mechanical lameness scoring 
Currently, there has been research on a variety of non-visual lameness detection methods for 
a range of species. Many of these are in a laboratory based setting including analyzing the 
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kinematics of the gait (Keegan et al., 1998), head (Keegan et al., 2001) and pelvic movement 
(Kramer et al., 2004) of horses on a treadmill. In dairy cattle, lameness has been quantified by 
such technologies as digitized motion analysis software looking at stride variables (Flower et al., 
2005) and infrared thermography looking at the temperature of the coronary band (Alsaaod and 
Büscher, 2012). In swine footprint analysis, kinematics, nociceptive threshold testing and 
accelerometers have been used to quantify lameness in a laboratory based setting (Mohling et al., 
2014; Paris-Garcia et al., 2014; Grégoire et al., 2012).  
Current lameness detection technologies tested in a commercial environments include the use 
of pedometers to measure activity level (O’Callaghan et al., 2003) and video analysis of walking 
speed (Chapinal et al., 2010a) in dairy cows. In swine, eating behavior in an ESF including 
number of visits and feed consumed has been used to try to identify lame or sick animals with 
low specificity (Cornou et al., 2008). 
b.1 Force Plate lameness analysis 
The Force plate has been shown to be more sensitive in determining lameness than a 
visual scale (Quinn et al., 2007). It measures the force or weight applied by each leg to the 
ground, with the basis that an animal will not put as much weight on a lame limb compared with 
a sound animal (Karriker et al., 2013). It has been used in a variety of species besides swine 
including mice (Zumwalt et al., 2006), dogs (O’Connor et al., 1999), horses (Erkert et al., 2005) 
and dairy cattle (Rushen et al., 2007). In swine it has been shown to identify lameness in sows 
with induced (Abell et al., 2014; Karriker et al., 2013; Sun et al., 2011) and with naturally 
occurring lameness (Conte et al., 2014;   Pluym et al., 2013b).    
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VII. Lameness classification tree  
Classification trees allow for the breakdown of a challenging decision into a series of 
simpler decisions (nodes) (Safavian and Landgrebe, 1990). Each node has a threshold value for a 
variable that will determine which branch to follow. The branch will have another node with 
another decision or an end result will be presented (Breiman et al., 2015). The classification tree 
determines which decisions are the most effective at achieving the end goal thus eliminating 
unneeded computations. However, once a classification tree is created the errors can accumulate 
as a test is run down a tree (Safavian and Landgrebe, 1990). The value of a variable can be 
measured using the mean decrease in accuracy which quantifies the reduction in the error rate 
from including that variable in the tree (Abell et al., 2014). This can also be seen in the length of 
the branch, as longer branches are more valuable to the tree (Azzalini et al., 2012). 
One way to create a classification tree is through the randomForest package in R 
(Breiman et al., 2015). This package pulls a subset of the total observations and creates a tree 
from them, then repeats with a different subset, thus generating a forest. The final tree is created 
by identifying the best predictive trees within the forest (Breiman et al., 2015).  
Classification trees have been utilized to identify lameness status in swine using a force 
plate by Abell et al. (2014). The authors utilized the randomForest package in R to identify that 
sows that were sound or lame following an induced lameness. The authors developed trees that 
had less than a 5% error rate for the first 3 days post lameness induction; however the error rate 
became much larger after 3 days (41.3% at day 5).    
21 
 
REFERENCES 
Abell CE, Johnson AK, Karriker LA, Rothschild MF, Hoff SJ, Sung G, Fitzgerald RF and 
Stalder KJ 2014. Using classification trees to detect induced sow lameness with a 
transient model. Animal 8(6), 1000-1009. 
Alawneh JI, Laven RA and Stevenson MA 2012. Interval between detection of lameness by 
locomotion scoring and treatment for lameness: A survival analysis. Veterinary Journal 
193(3), 622-625. 
Alsaaod M and Büscher W 2012. Detection of hoof lesions using digital infrared thermography 
in dairy cows. Journal of Dairy Science 95(2), 735-742.  
Anil L, Anil SS, Deen J, Baidoo SK and Wheaton JE 2005a. Evaluation of well-being, 
productivity and longevity of pregnant sows housed in groups in pens with an electronic 
sow feeder or separately in gestation stalls. American Journal of Veterinarian Research 
66(9), 1630-1638.  
Anil SS, Anil L and Deen J 2005b. Evaluation of patterns of removal and associations among 
culling because of lameness and sow productivity traits in swine breeding herds. Journal 
of the American Veterinary Medical Association 226(6), 956-961. 
Anil L, Anil SS, Deen J, Baidoo SK, and Walker RD 2006. Effect of group size and structure on 
the welfare and performance of pregnant sows in pens with electronic sow feeders. 
Canadian Journal of Veterinary Research 70, 128-136.  
Anil SS, Anil L, Deen J, Baidoo SK and Walker RD 2007. Factors associated with claw lesions 
in gestating sows. Journal of Swine Health and Production 15(2), 78-83. 
22 
 
Anil SS, Anil L and Deen J 2009. Effect of lameness on sow longevity. Journal of the American 
Veterinary Medical Association 235(6), 734-738. 
Arey DS and Edwards SA 1998. Factors influencing aggression between sows after mixing and 
the consequences for welfare and production. Livestock Production Science 56, 61-70. 
Azzalini A, Scarpa B and Walton G 2012. Data analysis and data mining: an introduction. 
Oxford University Press, New York, USA.  
Backus GBE, Vermeer HM, Roelofs PFMM, Vesseur PC, Adams JHSN, Binnendikj GP, Smeets 
JJJ, Peet-Schwering CMC and van der Wilt FJ 1997. Comparison of four housing 
systems for non-lactating sows. Research Institute for pig husbandry, Rosmalen. Report 
P5.1.  
Barnett JL, Cronin GM, McCallum TH and Newman EA 1993. Effects of pen size/shape and 
design on aggression when grouping unfamiliar adult pigs. Applied Animal Behaviour 
Science 36, 111-122. 
Bonde M, Rousing T, Henrik Badsberd J and Tind Sørensen J 2004. Associations between lying-
down behavior problems and body condition, limb disorders and skin lesions of lactating 
sows housed in farrowing crates in commercial sow herds. Livestock Production Science 
87, 179-187. 
Boyle LA, Mee JF and Kiernan PJ 2007. The effect of rubber concrete passageways in cubicle 
housing on claw health and reproduction on pluriparous dairy cows. Applied Animal 
Behaviour Science 106, 1-12.  
23 
 
Breiman L, Cutler A, Laiw A and Wiener M 2015. Package ‘randomForest’. Breiman and 
Cutler’s random forests for classification and regression Retrieved on 26 May 2015 from 
http://cran.r-project.org/web/packages/randomForest/randomForest.pdf. 
Brennan JJ and Aherne FX 1986. Effect of dietary calcium and phosphorus levels on 
performance, bone bending moment and the severity of osteochondrosis and lameness in 
boars and gilts slaughtered at 100 or 130 kg body weight. Canadian Journal of 
Veterinarian Evolution 66(3), 777-790.  
Bryant KL, Kornegay ET, Knight JW, Veit HP and Notter DR 1985a. Supplemental biotin for 
swine. III. Influence of supplementation to corn and wheat based diets on the incidence 
and severity of toe lesions, hair and skin characteristics and structural soundness of sows 
housed in confinement during four parities. Journal of Animal Science 60(1), 154-162. 
Bryant KL, Kornegay ET, Knight JW, Webb KE and Notter DR 1985b. Supplemental biotin for 
swine. I. Influence on feedlot performance, plasma biotin and toe lesions in developing 
gilts. Journal of Animal Science 60(1), 136-144.  
Calderón Díaz JA, Fahey AG, KilBride AL, Green LE and Boyle LA 2013. Longitudinal study 
of the effect of rubber slat mats on locomotory ability, body, limb and claw lesions, and 
dirtiness of group housed sows. Journal of Animal Science 91, 3940-3954.  
Chapinal N, de Passilé AM, Rushen J and Wagner S 2010a. Automated methods for detecting 
lameness and measuring analgesia in dairy cattle. Journal of Dairy Science 93(5), 2007-
2013.  
24 
 
Chapinal N, Ruiz de la Torre JL, Cerisuelo A, Gasa J, Baucells MD, Comma J, Vidal A and 
Manteca X 2010b. Evaluation of welfare and productivity of pregnant sows kept in stalls 
or in 2 different group housing systems.  Journal of Veterinary Behavior 5(2), 82-93. 
Christensen G, Vraa-Andersen L and Mousing J 1995. Causes of mortality among sows in 
Danish pig herds. Veterinary Record 137(16), 395-9. (Abstract).  
Conte S, Bergon R, Gonyou H, Brown J, Rioja-Lang FC and Connor L 2014. Measure and 
characterization of lameness in gestating sows using force plate, kinematic, and 
accelerometer methods. Journal of Animal Science 92, 5693-5703. 
 Cornou C, Vinther J and Kristensen AR 2008. Automatic detection of oestrus and health 
disorders using data from electronic sow feeders. Livestock Science 118, 262-271. 
D’Allaire S, Stein TE and Leman AD 1987. Culling patterns in selected Minnesota swine 
breeding herds. Canadian Journal of Veterinary Research 51:506-512.  
de Carvalho VC, de Alencar Nääs I, Neto MM and de Souza SRL 2009. Measurement of pig 
claw pressure distribution. Biosystems Engineering 103, 357-363. 
de Sevilla XF, Fábrega E, Tibau J and Cassellas J 2009. Competing risk analysis of longevity in 
Duroc sows with a special emphasis on leg conformation. Animal 3(3), 446-453.  
Dewey CE, Friendship RM and Wilson MR 1993. Clinical and postmortem examination of sows 
culled for lameness. Canadian Journal of Veterinary Research 34, 555-556. 
Elmore MRP, Garner JP, Johnson A.K, Richert BT and Pajor EP 2010. A flooring comparison: 
The impact of rubber mats on the behavior and welfare of group-housed sows at 
breeding. Applied Animal Behaviour Science 123, 7-15. 
25 
 
Engblom L, Eliasson-Seeling L, Lundheim N, Belák K, Andersson K and Dalin A 2008. Post 
mortem findings in sows and gilts euthanised or found dead in a large Swedish herd. Acta 
Veterinaria Scandinavica 50:25. 
Erkert RS, MacAllister CG, Payton ME and Clarke CR 2005. Use of force plate analysis to 
compare the analgesic effects of intravenous administration of phenylbutazone and 
flunixin meglumine in horses with navicular syndrome. American Journal Veterinary 
Research 66(3), 284-288. 
Fitzgerald RF, Stalder KJ, Karriker LA, Sadler LJ, Hill HT, Kaisand J, Johnson AK 2012. The 
effect of hoof abnormalities on sow behavior and performance. Livestock Science 145, 
230-238.   
Flower FC, Sanderson DJ and Weary DM 2005. Hoof Pathologies Influence Kinematic 
Measures of Dairy Cow Gait. Journal of Dairy Science 88(9), 3166-3173. 
Flower FC and Weary DM 2006. Effect of hoof pathologies on subjecetive assessments of dairy 
cow gait. Journal of Dairy Science 89(1), 139-146. 
Grégoire J, Bergeron R, D’Allaire S, Meunier-Salaün MC and Devillers N 2013. Assessment of 
lameness in sows using gait, footprints, postural behavior and foot lesion analysis. 
Animal 7(7), 1163-1173. 
Hill GM, Miller ER and Stowe HD 1983. Effect of dietary zinc levels on health and productivity 
of gilts and sows through two parities. Journal of Animal Science 57(1), 114-122.  
26 
 
Jensen KH, Sørensen LS, Berelsen D, Pedersen AR, Jørgensen E, Nielsen NP and Vestergarrd 
KS 2000. Management factors affecting activity and aggression in dynamic group 
housing systems with electronic sow feeding: a field trial. Animal Science 71, 535-545. 
Jørgensen B 2000. Longevity of breeding sows in relation to leg weakness symptoms at six 
months of age. Acta Veterinaria Scandinavica 41(2), 105-121. (Abstract).  
Jørgensen B and Sørensen MT 1998. Different rearing intensities of gilts: II. Effects on 
subsequent leg weakness and longevity. Livestock Production Science 54(2), 167-171.  
Karriker LA, Abell CE, Pairis-Garcia MD, Holt WA, Sun G, Coetzee JF, Johnson AK, Hoff SJ 
and Stalder KJ 2013. Validation of a lameness model in sows using physiological and 
mechanical measurements. Journal of Animal Science 91, 130-136. 
Keegan KG, Wilson DA, Wilson DJ, Smith B, Gaughan EM, Pleasant RS, Lillich JD, Kramer J, 
Howard RD, Bacon-Miller C, Davis EG, May KA, Cheramie HS, Walentino WL and van 
Harreveld PD 1998. Evaluation of mild lameness in horses trotting on a treadmill by 
clinicians and interns or residents and correlation of their assessments with kinematic gait 
analysis. American Journal of Veterinary Research 59(11), 1370-1377.  
Keegan KG, Pai PF, Wilson DA and Smith BK 2001. Signal decomposition method of 
evaluating head movement to measure induced forelimb lameness in horses trotting on a 
treadmill. Equine Veterinarian Journal 33(5), 446-451.  
Knauer M, Stalder KJ, Karriker L, Baas TJ, Johnson C, Serenius T, Laymen L and McKean JD 
2007. A descriptive survey of lesions from cull sows harvested at two Midwestern U.S. 
facilities. Preventive Veterinary Medicine 82, 198-212.  
27 
 
Knauer M, Stalder K, Baas T, Johnson C and Karriker L 2012. Physical conditions of cull sows 
associated with on-farm production records. Open Journal of Veterinary Medicine 2, 137-
150.  
Kramer J, Keegan KG, Kelmer G and Wilson DA 2004. Objective determination of pelvic 
movement during hind limb lameness by use of a signal decomposition method and 
pelvic height differences. American Journal of Veterinary Research 65(6), 741-747. 
Kremer PV, Nueske S, Scholz AM and Foerester M 2007. Comparison of claw health and milk 
yield in dairy cows on elastic or concrete flooring. Journal of Dairy Science 90(10), 
4603-4611. 
Kroes Y and Van Male JP 1979. Reproductive lifetime of sows in relation to economy of 
production. Livestock Production Science 6, 179-183.  
Leach KA, Tisdall DA, Bell NJ, Main DCJ and Green LE 2012. The effect of early treatment for 
hindlimb lameness in dairy cows on four commercial UK farms. The Veterinary Journal 
193(3), 626-632. 
Main DCJ, Clegg J, Spatz A and Green LE 2000. Repeatability of a lameness scoring system for 
finishing pigs. Veterinary Record 147, 574-576. 
Marchant JN, Mendl MT, Rudd AR and Broom DM 1995. The effect of agonistic interactions on 
the heart rate of group-housed sows. Applied Animal Behavior Science 46, 49-56.  
Marchant JN, Rudd AR and Broom DM 1997. The effects of housing on heart rate of gestating 
sows during specific behaviours. Applied Animal Behavior Science 55, 67-78. 
28 
 
Merriam-Webster. 2015. Merriam-Webster online dictionary. Retrieved on 28 May 2015 from 
http://www.merriam-webster.com/dictionary/lame. 
Metz HM and Bracke MBM 2005. Assessment of the impact of locomotion on animal welfare. 
Conference Paper. Stockbreeding. 59(1), 31-38. 
Mohling CM, Johnson AK, Coetzee JF, Karriker LA, Abell CE, Millman ST and Stalder KJ 
2014. Kinematics as objective tools to evaluate lameness phases in muliparous sows. 
Livestock Science 165, 120-128. 
Nikkilä MT, Stalder KJ, Mote BE, Rothschild MF, Gunsett FC, Johnson AK, Karriker LA, 
Boggess MV and Serenius TV 2013a. Genetic associations for gilt growth, compositional 
and structural soundness traits with sow longevity and lifetime reproductive performance. 
Journal of Animal Science 91, 1570-1579. 
O’Callaghan KA, Cripps PJ, Downham DY and Murray RD 2003. Subjective and objective 
assessment of pain and discomfort due to lameness in dairy cattle. Animal Welfare 12, 
605-610.  
O’Connor BL, Visco DM, Rogers PI, Mamlin LA and Brandt KD 1999. Serial force plate 
analyses of dogs with unilateral knee instability, with or without interruption of the 
sensory input from the ipsilateral limb. Osteoarthritis and Cartilage 7, 567-573. 
Olsson A-Ch, Andersson M, Botermans J, Rantzer D and Svendsen J 2011. Animal interaction 
and response to electronic sow feeding (ESF) in 3 different herds and effects of function 
settings to increase capacity. Livestock Science 137, 268-272. 
29 
 
Pajor EA 2002. Group housing of sows in small pens: Advantages, disadvantages and recent 
research. Symposium of swine housing and well-being, Des Moines, Iowa, U.S. 
Department of Agriculture. 
Paris-Garcia MD, Johnson AK, Stalder KJ, Karriker LA, Coetzee JF, Millman ST 2014. 
Measuring the efficacy of flunixin meglumine and melxicam for lame sows using 
nociceptive threshold tests. Animal Welfare 23, 219-229. 
PigCHAMP. PigCHAMP Benchmarking Summaries USA 2010-Annual Summary. PigCHAMP 
inc. Ames, Iowa. Retrieved on 25 May 2015 from  
http://pigchamp.com/Portals/0/Documents/US%202010-year%20end%20summary.pdf. 
PigCHAMP. PigCHAMP Benchmarking Summaries USA 2011-Annual Summary. PigCHAMP 
inc. Ames, Iowa. Retrieved on 25 May 2015 from    
http://pigchamp.com/Portals/0/Documents/US%202011-year%20end%20summary.pdf.  
PigCHAMP. PigCHAMP Benchmarking Summaries USA 2012-Annual Summary. PigCHAMP 
inc. Ames, Iowa. Retrieved on 25 May 2015 from  
http://pigchamp.com/Portals/0/Documents/Benchmarking%20country%20summaries/US
%202012-%20year%20end%20summary.pdf.  
PigCHAMP. PigCHAMP Benchmarking Summaries USA 2013-Annual Summary. PigCHAMP 
inc. Ames, Iowa. Retrieved on 25 May 2015 from  
http://pigchamp.com/Portals/0/Documents/Benchmarking%20country%20summaries/201
3-USA-combined.pdf.  
30 
 
PigCHAMP. PigCHAMP Benchmarking Summaries USA 2014-Annual Summary. PigCHAMP 
inc. Ames, Iowa. Retrieved on 25 May 2015 from  
http://pigchamp.com/Portals/0/Documents/Benchmarking%20country%20summaries/201
4-combined.pdf.  
Pluym L, Nuffel AV, Dewulf J, Cools A, Vangroenweghe F, Van Hoorebeke S and Maes D 
2011. Prevalence and risk factors of claw lesions and lameness in pregnant sows in two 
types of group housing. Veterinarni Medicina 56(3), 101-109.  
Pluym LM, Nuffle AV, Wyenberg SV and Maes D 2013a. Prevalence of lameness and claw 
lesions during different stages in the reproductive cycle of sows and the impact on 
reproduction results. Animal 7(7), 1174-1181. 
Pluym LM, Maes D, Vangeyte J, Mertens K, Baert J, Van Weyenberd S, Millet S and Van 
Nuffel A 2013b. Development of a system for automatic measurements of force and 
visual stance variables for objective lameness detection in sows: SowSIS. Biosystems 
Engineering 116(1), 64-74. 
Quinn AJ, Green LE, Lawlor PG and Boyle LA 2015. The effect of feeding a diet formulated for 
developing gilts between 70 kg and ≈140 kg on lameness indicators and carcass traits. 
Livestock Science 174, 87-95.  
Quinn AJ 2014. Limb health in pigs: The prevalence and risk factors for lameness, limb lesions 
and claw lesions in pigs, and the influence of gilt nutrition on indicators of limb health. 
PhD Thesis. University of Warwick. 
31 
 
Quinn MM, Keuler NS, Lu Y, Faria MLE, Muir P and Markel MD 2007. Evaluation of 
agreement between numerical rating scales, visual analogue scoring scales, and force 
plate gait analysis in dogs. Veterinary Surgery 36(4), 360-367.  
Remience V, Wavreille J, Canart B, Meunier-Salaün MC, Prunier A, Bartiaux-Thill N, Nicks B 
and Vandenheede M 2008. Effects of space allowance on the welfare of dry sows kept in 
dynamic groups and fed with an electronic sow feeder. Applied Animal Behaviour 
Science 112, 284-296. 
Rowles C 2001. Sow Lameness. Journal of Swine Health and Production 9(3), 130-131 
Rushen J, Pombourcq E and de Passillé AM 2007. Validation of two measures of lameness in 
dairy cattle. Applied Animal Behaviour Science 106(1-3), 173-177. 
Safavian SR and Landrebe D 1990. A survey of decision tree classifier methodology. Purdue 
University.  
Sasaki Y and Koketsu Y 2010. Culling intervals and culling risks in four stages of the 
reproductive life of first service and reserviced female pigs in commercial herds. 
Theriogenology 73, 587-594.  
Stalder KJ, Knauer M, Baas TJ, Rothschild MF and Mabry JW 2004. Sow longevity. Pig News 
and Information 25(2), 53N-74N.  
Sun G, Fitzgerald RF, Stalder KJ, Karriker LA, Johnson AK and Hoff SJ 2011. Development of 
an embedded microcomputer-based force plate system for measuring sow weight 
distribution and detection of lameness. Applied Engineering in Agriculture 27(3), 475-
482. 
32 
 
Tiranti KI and Morrison RB 2006. Association between limb conformation and retention of sows 
through the second parity. American Journal of Veterinary Research 67(3), 505-509.  
Webb NG 1984. Compressive stresses on, and the strength of, the inner and outer digits of pigs’ 
feet, and the implications for injury and floor design. Journal of Agricultural Engineering 
Research 30, 71-80.  
Weng RC, Edwards SA and English PR 1997. Behaviour, social interactions and lesion scores of 
group-housed sows in relation to floor space allowance. Applied Animal Behaviour 
Science 59, 307-316. 
Whay HR, Main DCJ, Green LE and Webster AJF 2003. Animal-based measures for the 
assessment of welfare state of dairy cattle, pigs and laying hens: consensus of expert 
opinion. Animal Welfare 12, 205-217.  
Willgert K 2011. The economic and welfare impact of lameness in sows in England. Retrieved 
May 15, 2015, from 
http://www.fao.org/fileadmin/user_upload/animalwelfare/Theeconomicandwelfareimpact
oflamenessinsowsinEngland.pdf. 
Zinpro 2008. Feet first: locomotion scoring [CD-ROM]. Version 1.0. Zinpro Corporation, Eden 
Prarie, MN. 
Zumwalt AC, Hamrick M and Schmitt D 2006. Force plate for measuring the ground reaction 
forces in small animal locomotion. Journal of Biomechanics 39, 2877-2881. 
33 
 
CHAPTER 3: DETERMINING THE MINIMUM TIME REQUIRED TO 
DETECT SOW LAMENESS USING AN EMBEDDED 
MICROCOMPUTER-BASED FORCE PLATE SYSTEM 
 
B.M. McNeil,
a
 C.E. Abell,
a ‡
 J.D. Stock,
a
 J.A. Calderón Díaz,
 a
  S.T. Millman,
b
  A.K. Johnson,
a
  
L.A. Karriker,
c
  K.J. Stalder,
a†
 
a 
Department of Animal Science, Iowa State University, Ames, Iowa 50011, USA 
b 
Veterinary Diagnostic and Production Animal Medicine, Iowa State University, Ames, Iowa 
50011, USA 
c 
Swine Medicine Education Center, Department of Veterinary Diagnostic and Production 
Animal Medicine, Iowa State University, Ames, Iowa 50011, USA 
‡
Current address: DNA Swine Genetics, 2415 13th St, Columbus, NE 68601 
 
†
Corresponding author: Dr. Kenneth Stalder, 109 Kildee Hall, Iowa State University, Ames, IA 
50011, USA; stalder@iastate.edu 
 
 
 
34 
 
Abstract 
 Lameness in swine breeding herds is a common cause of compromised animal well-being and 
economic loss to pig producers. Current lameness assessment methods are subjective and require 
intensive training. It has been shown that embedded microcomputer-based force plate systems 
can detect lameness by measuring weight distributions in livestock. The objective of this study 
was to determine the minimum time required to record data from each individual load cell in the 
force plate system in order to obtain accurate sow weight distributions on each leg. Sound and 
induced lameness states were evaluated to ensure that time requirements were similar for both 
situations. Lameness was induced in 12 mixed parity sows on Day 0 using a chemical synovitis 
model. An embedded microcomputer-based force plate system measured weight bearing applied 
on each foot twice per second for 15 min on days -1, +1, +6, and +10 relative to lameness 
induction. Data were analyzed using mixed model equations with day, time period of collection, 
and day by time interaction included as fixed effects, and sow within replicate included as a 
random effect. Results indicate sow weight distributions at 5 cumulative minutes was not 
different (P ≥ 0.05) when compared to those cumulative results recorded for 10 and 15 minutes. 
The maximum difference observed between the weights placed on each foot averaged over 5 and 
15 min was 2.06 kg and 3.69 kg, for day before injection and day after injection, respectively. 
Comparing weights for each minute across time identified potential data collection problems 
after 12 minutes; therefore, 10 min was considered the maximum time required for weight 
recordings. Utilizing a 30 sec burn-in period to allow sows to become acquainted with the force 
plate, 30 to 210 sec was the time period that had the best combination of different readings (P ≤ 
0.05) and speed of collection compared to 30 to 630 sec. Results from the present study indicate 
that recorded data for 30 to 210 sec should be used as the minimum time required to accurately 
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assess lameness for each individual animal. Results from this study can be used to improve the 
embedded microcomputer-based force plate use efficiency when evaluating sow lameness.  
 
Keywords:  Lameness, Force Plate, Sow, Weight distribution, Welfare 
 
Introduction 
Sow longevity is a key factor in commercial swine herd profitability (Stalder et al., 
2004). Currently, in the USA, annual sow culling and mortality rates are 43.46% and 8.81%, 
respectively (PigCHAMP, 2014).  After reproductive problems, lameness is the most common 
reason for premature sow culling from breeding herds (Deen et al., 2007). It has been reported 
that 6 to 40% of removals from the sow breeding herd are due to locomotory problems, 
averaging 10% (Dargon and Aumaître 1979; D’Allaire et al., 1987; Engblom et al., 2007; 
Schenck et al., 2008; Anil et al., 2009). Furthermore, sows culled because of lameness are 
removed at a younger age and produce fewer litters when compared to sows removed for other 
reasons (Lucia et al., 2000; Anil et al., 2009). Therefore, lame sows may not reach a positive net 
present value before they are culled. To recover the replacement gilt investment, a sow should 
remain in the breeding herd for at least 3 parities (Stalder et al., 2003). To minimize involuntary 
sow culling due to lameness evaluation methods that are accurate, objective and quick are 
required.  
Lameness, if not assessed quickly and accurately, could result in a welfare issue for the 
sow, and present a challenge to herd productivity and overall longevity. Current lameness 
detection methods used by the commercial industry utilize subjective scoring systems. However, 
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these scoring systems require skilled employees and appropriate training, which can be 
challenging in an industry that lacks qualified personnel (Loula, 2000). In addition, there can be 
inter- and intra-observer variation, reducing scoring reliability (Flower and Weary, 2006). 
Conversely, an embedded microcomputer-based force plate system [developed by Sun et al. 
(2011)], hereafter referred to as force plate, could provide more accurate and rapid detection than 
subjective lameness scores. Previous research demonstrated the capacity of the force plate to 
detect induced sow lameness by measuring separately the weight she is willing to bear on each 
leg during 15 and 30 minute tests (Sun et al., 2011; Karriker et al., 2013; Abell et al., 2014; 
Mohling et al., 2014). The force plate was designed for placement under an electronic single 
space feeder or a gestation stall. The average occupation time required for a sow to consume her 
daily feed allotment is 9.2 to 14.2 min, however, this may be across multiple feedings (Olsson et 
al., 2011). Hence, test duration for individual sows as they go through an electronic sow feeding 
system is a critical feature for practical application in a commercial setting. Therefore, the 
objective of this study was to determine the minimum time required to record data from each 
individual load cell in the force plate for reliable and accurate sow weight distribution and 
lameness detection.   
Materials and Methods 
Experimental protocols for this study were reviewed and approved by the Iowa State 
University Institutional Animal Care and Use Committee. Twelve mulitparous commercial sows 
with no observable clinical lameness signs and an average weight of 210.1 ± 35.5 kg were used. 
A lameness induction model, previously validated for swine (Karriker et al., 2013) was used for 
producing repeatable transient lameness. Sows were injected with 10 mg/mL amphotericin B in 
their distal interphalangeal joint on day 0 to induce lameness in 1 of 2 randomized injections 
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sites: right rear foot (RR) or left rear foot (LR). After each sow had returned to a sound (i.e. non-
lame state 13 days post injection), the injection process was repeated, for a total of 3 replicates. 
For further details about the lameness induction protocol see Karriker et al. (2013). 
Weight bearing measurements for each foot were collected using a force plate (Sun et al., 
2011). Force plate dimensions were 1524 L x 565 W x 506 mm H, with 6.4-mm thick aluminum 
plating comprising the top and bottom plate. Sows were encouraged to walk into a gestation stall 
with the force plate as the flooring on days -1, +1, +6, and +10 relative to lameness induction. 
Approximately 50 g of feed was placed in a feeding trough at the front of the stall before the sow 
entered, and additional feed was provided by slowly hand trickle feeding as the sows consumed 
the feed up to 2.72 kg. Weight bearing on each foot was recorded twice per sec for 15 minutes on 
4 collection days per replicate. Once the information was collected, data were edited. Records 
were excluded from the data set based on the following criteria: 1) if the total weight of the sow 
(Left Front [LF] + Right Front [RF] + Left Rear [LR] + Right Rear [RR]) was less than 90.7 kg; 
2) if individually both front legs or both rear legs of the sow weighed less than 4.5 kg; or 3) if 
any foot individually weighed less than 0 kg. These criteria indicate that the sow’s feet were not 
properly positioned on each quadrant of the force plate. When the feet are not positioned 
correctly, the measurements recorded are not an accurate representation of the sow’s weight 
distribution.  
The percentage of the total force applied by each sow, on each quadrant, per injected 
foot, for each day was calculated. Descriptive statistics were obtained using SAS v9.3 PROC 
MEANS (SAS, Cary, NC). Descriptive statistics included: average force (mean), standard 
deviation of the force applied, skewness (i.e. measurement to evaluate the degree of asymmetry 
for the distribution of the force applied for each quadrant), 5
th
 percentile (P5) of the force applied 
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on each quadrant, 95
th
 percentile (P95) and range between P95-P5 for each sow, on each 
quadrant, per injected foot, per day.  
The P5 was used because it provides a more robust value for the minimum force the sow 
is willing to apply, since values of 0 kg were recorded when she adjusted her weight between 
limbs. The P95 provides a more robust value for the maximum force applied by the sow, since 
extreme values occurred when the sow pushed up on the feed trough or adjusted her weight. 
These values were also applied by Abell et al., (2014) to develop a lameness classification tree 
from sows’ force distributions. 
Statistics used to evaluate these data were based on least squares (LS) means obtained 
using mixed model equation methods in SAS v9.3 PROC MIXED  (SAS Inst. Inc., Cary, NC). The 
following mixed linear model was used: 
                   
where Y= force applied by sow on the force plate; D= day relative to lameness induction; T= 
time period; D*T= day and time interaction; R(S) = sow within replicate number and e = error. 
Day relative to lameness induction, time period, and the interaction were fitted as fixed effects 
and sow within replicate was fitted as a random effect. The same model was used for all 
variables analyzed.  
Cumulative Model 
The cumulative model included the time up to and including that increment (i.e. 1 min is 
0 sec [starting after all feet were on the force plate] to 60 sec, and 5 min is 0 sec to 300 sec). 
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Each time period was compared using mean, SEM, P5, P95, range, and skewness of the sow’s 
weight distribution at a 0.05 alpha significance level. 
 
 
Minute Model 
A minute model was developed to more accurately identify time’s impact on weight 
distributions. The minute model compared each minute independently (i.e. minute 1 = 0 to 59 
sec; minute 2 = 60 to 119 sec). The statistics used to evaluate the minute traits were the same as 
described for the cumulative model analysis. 
Test Minute Model 
A test minute model was developed using the mean of each minute’s means to identify 
potential data collection problems. Each minute mean was averaged for a total mean and 
standard deviation. Minute means that were greater than 2 standard deviations from the total 
mean were calculated. The mean weight and standard deviation for day 1 RR with LR foot 
injected was the mean and standard deviation of the calculation (mean weights of 
1min+2min+3min…. +15min)/15.  
Test Cumulative Model 
Test cumulative models using LS means were developed to identify a potential burn-in 
period or a time period at the beginning of data collection that was necessary to delete in order to 
account for the sows shifting weight while becoming acclimated to the force plate. A 15 sec test 
model deleted the first 15 sec, and compared mean, standard deviation, P5, P95, P95-P5, and 
skewness, for 15 to 135 sec, 15 to 195 sec, 15 to 255 sec, and 15 to 315 sec to 15 to 615 sec. The 
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same statistics that were used for the 15 sec test model were used for a 30 sec test model where 
the first 30 sec were deleted, comparing 30 to 150 sec, 30 to 210 sec, 30 to 270 sec, and 30 to 
330 sec to 30 to 630 sec. The same statistics and level of significance that were used for the 15 
sec and 30 sec test models were used for the 45 sec test model where the first 45 sec were 
deleted, comparing 45 to 165 sec, 45 to 225 sec, 45 to 285 sec, and 45 to 345 sec to 45 to 645 
sec.  
Results and Discussion 
Cumulative Model 
 There was no difference in P95, P5-P95 range, and skewness when measurements at 5 
min were compared to 10 and 15 min (P ≥ 0.05). Results for 5 minutes compared to 15 minutes 
were different at Day 2 LR, RR injected for mean, standard deviation, and P5 (P ≤ 0.05). The 
maximum difference observed between weight placed on each foot averaged over 5 and 15 min 
were 2.06 kg and 3.69 kg, for day -1 and day +1, respectively.  This means that on sound sows, 
the maximum difference between using 5 min compared to 15 minutes is less than 1% of the 
sow’s body weight and on unsound days where the weight distribution between feet will be 
larger it is still less than 2% of the sows body weight. 
Weight distributions were compared for each statistical measure evaluated, leg, and 
injection site for a total of 192 comparisons. A sows weight after one minute compared to 15 
minutes on the force plate was different (P ≤ 0.05) for at least 3 measurements in mean, standard 
deviation, P5, P95, P95-P5, and skewness; for a total of 66 out of 192 comparisons, data were 
analyzed by minute for further investigation.  
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Minute Model 
The mean weight bearing on each foot for each minute was compared across time for the 
entire 15 min time period when data recording occurred. Figure 3.1 shows the average weight 
distribution across time for non–lame sows at day -1. Figure 3.2 shows the average weight 
distribution for the same sows that have now been injected with amphotericin B in their Right 
Rear foot (RR) at day +1 from injection. After injection, trends show a difference in mean weight 
bearing on each foot; this is similar to preliminary results by Sun et al. (2011), as shown in 
Figure 3.1 and 3.2. Additionally, a tendency to have mean minute weights with more variation 
from minute to minute after 12 min is shown in Figure 3.1 and Figure 3.2.  
Test Minute Model 
Minute means across all days and injection sites were compared using 2 SD from the 
total average of the minute means. Observations that were greater than 2 SD from the total 
average of the mean were considered outliers. Minutes outside of this range 2 or more times 
were 2, 12, 13, 14, and 15 min. It appears that after 12 min the data became more variable when 
compared to the 11 minutes leading up to this time. Numerous hypothesis may have resulted in 
this variation, for example it is possible that when sows ran out of feed, they became uninterested 
in the system, or that sows were ready to move out of the force plate, or that some other activity 
may have resulted in more frequent posture changes. This suggests that 15 min is not the correct 
cumulative time to be comparing minimum time to record data while the sows are standing on 
the force plate. Hence, 10 min was selected as the time to compare weights across time. 
Test Cumulative Model 
To account for the sows adjusting to the force plate as they stepped on, a burn-in period 
was evaluated. A burn-in period deletes the data from the beginning of the data collection period 
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to allow the sow to adjust to the force plate. The burn-ins tested were deleting the first 15, 30, or 
45 sec of the recording, and then adjusting the time measured to ensure that all readings were 
comparing the same minute intervals of 2, 3, 4, and 5 to 10 min (i.e. 2 min with a 15 sec burn-in 
would be the time starting from when the sow stepped on the force plate of 15-135 sec). Mean, 
SEM, P5, P95, range, and skewness for the weight distribution were compared for all feet and 
injection types resulting in 192 different comparisons across time. Differences for each model 
are presented in Table 3.1. The 30 sec burn-in period had the lowest number of differences for 2, 
3, and 4 minutes, and 1 more difference than the lowest for 5 minutes; thus, 30 sec was identified 
as the option with the most number of similar values (P ≥ 0.05) to the period between 30 to 630 
sec. Compared to 30 to 630 sec, the time 30 to 150 sec was not similar for 15.6% of the values, 
30 to 210 sec was not similar for 3.64% of the values, 30 to 270 sec was not similar for 2.1% of 
the values, and 30 to 330 sec was not similar for 1% of the values. Furthermore, of the 7 readings 
for 30 to 210 sec compared to 30 to 630 sec, 4 occurred on the day after injection, where the 
range in values is greater and thus more likely to be identified as lame using these statistical 
measures or by a visual lameness assessment method. The maximum mean weight difference 
between 30 to 630 sec and 30 to 210 sec was 3.13 kg and 2.61 kg for day -1 and day +1, 
respectively. Day -1 and Day +1 readings for each foot per injection site and time recorded 
means are shown in Table 3.2 and standard deviations are shown in Table 3.3. Therefore, with 30 
to 210 sec being different from 30 to 630 sec for less than 5% of the statistical recordings, this 
time is recommended for future research into lameness identification. Additionally, this time 
meets the feeding time requirements of a sow in an ESF (Olsson et al., 2011).   
 When compared to current subjective lameness evaluation and detection models that 
require training and the time for employees to visually observe sows, the force-plate system 
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provides opportunity to evaluate lameness in an efficient manner. The force plate system does 
not rely on subjective evaluation, and therefore, objectively evaluates lameness. It is a 
repeatable, objective device that can replace or be used in conjunction with current lameness 
detection practices. Further research is required to identify the parameters needed to accurately 
assess naturally occurring lameness in sows using the force plate, as well as to implement the 
device on a commercial setting.  
 
Conclusions 
Results from this study indicate weight bearing data collection requires a burn-in period 
of 30 sec for the sow to adjust to the force plate. It appears that weight bearing data collected 
after 12 min standing on the force plate is variable due to postural changes. After comparing LS 
means for mean, SEM, P5, P95, range, and skew for minute weights across time, 30 to 210 sec 
provides an acceptable level of similarity to 30 to 630 sec and could be used as the minimum 
amount of time needed for weight bearings to be recorded in a commercial setting.  
Acknowledgements 
A portion of this project was supported by the National Pork Checkoff, National Pork 
Board, Des Moines, IA, (09-073); Iowa Pork Producers Association, Des Moines, IA; and the 
Iowa Livestock Health Advisory Council (ILHAC), Des Moines, IA. Authors are grateful for the 
assistance provided by Becky Parsons, Lori Layman, and the employees of the Sow Longevity 
Lab.  
44 
 
REFERENCES 
Abell, C.E., Johnson, A.K., Karriker, L.A., Rothschild, M.F., Hoff, S.J., Sung, G., Fitzgerald, 
R.F., Stalder, K.J., 2014. Using classification trees to detect induced sow lameness with a 
transient model. Animal 8, 1000-1009. 
Anil, S., Anil, L., Deen, J., 2009. Effect of lameness on sow longevity. J. Am. Vet. Med. Assoc. 
235, 734-738.  
D’Allaire, S., Stein, T.E., Leman, A.D., 1987. Culling patterns in selected Minnesota swine 
breeding herds. Can. J. Vet. Res. 51, 506-512. 
Dargon, J., Aumaitre, A., 1979. Sow culling: Reasons for and effect in productivity. Livest. Prod. 
Sci. 6, 167-177. 
Deen, J., Anil, S.S., Anil, L., 2007. Claw lesions as a predictor of lameness in breeding sows. 
Book  of abstracts of the 58
th
 annual meeting of the European association of animal 
production. Dublin, Ireland. p. 274. 
Engblom, L., Lundeheim, N., Dalin, A.M., Andersson, K., 2007. Sow removal in Swedish 
commercial herds. Livest. Sci. 106, 76-86. 
Flower, F.C., Weary D.M., 2006. Effect of hoof pathologies on subjective assessments of dairy 
cow gait. J. Dairy Sci. 89, 139-146.  
Karriker, L.A., Abell, C.E., Pairis, M.D., Holt, W.A., Sun, G., Coetzee, J.F., Johnson, A.K., 
Hoff, S.J., Stalder, K.J., 2013. Validation of a lameness model in sows using 
physiological and mechanical measurements. J. Anim. Sci. 91, 130-136.  
45 
 
Loula, T.J., 2000. Increasing sow longevity: the role of people and management. In: Proceedings 
of the Allen D. Leman Swine Conference. August 11, 2000. St. Paul, MN, USA, 139-
142. 
Lucia, T., Dial, G.D., Marsh, W.E., 2000. Lifetime reproductive and financial performance of 
female swine. J. Am. Vet. Assoc. 216, 1802–1809. 
Mohling, C.M., Johnson, A.K., Coetzee, J.F., Karriker, L.A., Abell, C.E., Millman, S.T., Stalder, 
K.J., 2014. Kinematics as objective tools to evaluate lameness phases in multiparous 
sows. Livest. Sci. 165, 120-128. 
Olsson, A.-C., Andersson, M., Botermans, J., Rantzer, D., Svensen, J., 2011. Animal interaction 
and response to electronic sow feedings (ESF) in 3 different herds and effects of function 
settings to increase capacity. Livest. Sci. 137, 268-272. 
PigCHAMP. 2014. Benchmarking. USA 2014 - year end summary. PigCHAMP Inc., Ames, IA, 
<http://www.pigchamp.com/Portals/0/Documents/Benchmarking%20country%20summa
ries/2014-combined.pdf > (retrieved 30. 05. 15). 
Schenck, E. L., McMunn, K.A. Rosenstein, D.S., Stroshine, R.L., Nielsen, B.D., Richert, B.T., 
Marchant-Forde, J.N., Lie Jr., D.C., 2008. Exercising stall-housed gilts: Effect on 
lameness, musculo-skeletal system, production, and behavior. J. Anim. Sci. 86, 3166-
3180.  
Stalder, K.J., Knauer, M., Baas, T.J., Rothschild, M.F., Mabry, J.W., 2004. Sow longevity. Pig 
News and Information. 25(2), 53N-74N. 
46 
 
Stalder, K. J., Lacy, C., Cross, T., Conatser, G., 2003. Financial impact of average parity of 
culled females in a breed-to-wean swine operation using replacement gilt net present 
value analysis. Swine Health Prod. 11, 69-74.  
Sun, G., Fitzgerald, R.F., Stalder, K.J., Karriker, L.A., Johnson, A.K., Hoff, S.J., 2011. 
Development of an embedded microcomputer-based force plate system for measuring 
sow weight distribution and detection of lameness. Appl. Eng. Ag. 27, 475-482. 
 
 
4
7
 
Table 3. 1. Number of statistical weight distribution differences (P < 0.05) for each time period compared to the corresponding 10 
minute interval with the Test Cumulative Model
1 
  
Burn-in=15 sec 
  Burn-in=30 sec   Burn-in=45 sec 
Time (sec) 
Variables not similar to 
15-615 sec   Time  (sec) 
Variables not similar to 
30-630 sec   
Time 
(sec) 
Variables not similar to 
30-630 sec 
n = 192   n = 192   n = 192 
15-135 49   30-150 30   45-165 30 
15-195 18   30-210 7   45-225 12 
15-255 6   30-270 4   45-285 4 
15-315 1   30-330 2   45-345 2 
 
1
There were 192 different comparisons made across time using least squares means, for each foot(LR,RF,LR,RR) per injection type(RR,LR), per day (-
1,+1,+6,+10) and per variable collected using LS means (mean,std,P5,P95,P95-P5,skewness). 
2
A burn-in period (initial time period deleted) was used to account for adjustments the sow makes while stepping onto the force plate, deleting these values 
creates more consistency in the force applied to each quadrant. 
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Table 3. 2. Least squares means
1
 for the weight applied to each leg by injection site and time recorded on Day -1 and +1 relative to 
lameness induction in multiparous sows.  
  Day -12   Day +13 
 
Left Rear 
 
Right Rear 
 
Left Rear 
 
Right Rear 
Time (sec)
4
 LF
3
 RF
3
 LR
3
 RR
3
   LF RF LR RR   LF RF LR RR   LF RF LR RR 
30 to 150 47.8 54.4 36.8 36.9 
 
52.4 54.2 39.9 36.2 
 
50.1 56 21.3 47.2 
 
48.7 59.2 54.7
a
 14.5 
30 to 210 48.4 53.6 36.7 37.3 
 
51.9 54.4 40.4 35.9 
 
51.3 54.8 21.9 46.6 
 
49.7 58.3 54.3
a
 15.1 
30 to 270 48.8 53.1 36.7 37.4 
 
51.9 54.3 40.3 36.3 
 
51.7 54.2 22.1 46.6 
 
49.4 58.9 53.8
ab
 15.5 
30 to 330 49.6 52.4 36.3 37.8 
 
51.5 54.7 40.6 36.2 
 
52.2 53.5 22.4 46.3 
 
49.5 59.0 53.1
ab
 15.9 
30 to 363 51.5 50.5 36.4 37.8   51.7 54.5 40.8 36.2   51.9 53.8 23.3 45.4   51.2 57.7 50.6
b
 17.7 
 
1
Analyzed using Mixed Model equation methods. Model included: force applied by sow on the force plate; day relative to lameness induction; time period; day 
and time interaction as fixed effects. Sow within replicate number was fitted as a random effect.  
1
Day -1 defined as the day before injection. 
2
Day +1 defined as the day after injection 
3
LF=Left front foot, RF=Right front foot, LR=Left rear foot, RR=Right rear foot. 
4
Times are listed as seconds from the time the sow steps completely onto the force plate 
a,b Significant differences (P≤ 0.05), for columns, between times within foot injected with 10 mg/mL amphotericin B in their distal interphalangeal joint for 
lameness induction. 
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Table 3. 3. The standard deviation for the weight applied to each leg by injection site and time recorded on Day -1 and +1 relative to 
lameness induction in multiparous sows.  
  
Day -1
2
   Day +1
3
 
 
Left Rear 
 
Right Rear 
 
Left front 
 
Left front 
Time (sec)
1
 LF
4
 RF
4
 LR
4
 RR
4
   LF RF LR RR   LF RF LR RR   LF RF LR RR 
30 to 150 13.2
a
 13.5
a
 10.3 9.5
a
 
 
12.3 12.2
a
 8.8
a
 8.8
a
 
 
13.0
a
 13.8
a
 12.3
a
 11.4
a
 
 
13.2
a
 14.3 12.3 12.4 
30 to 210 14.7
ab
 14.8
ab
 11.2 10.3
ab
 
 
12.8 12.7
ab
 9.4
ab
 9.4
ab
 
 
13.7
ab
 14.3
ab
 13.2
ab
 12.3
ab
 
 
14.0
ab
 14.9 12.7 12.6 
30 to 270 15.3
b
 15.3
ab
 11.7 10.8
ab
 
 
13.1 13.3
ab
 9.6
ab
 9.9
ab
 
 
13.7
ab
 14.5
ab
 13.5
ab
 12.7
ab
 
 
14.5
ab
 15.4 12.9 12.8 
30 to 330 15.3
b
 15.5
ab
 11.8 11.1
ab
 
 
13.5 13.9
ab
 9.7
ab
 9.9
ab
 
 
14.6
ab
 15.3
ab
 13.8
ab
 13.0
ab
 
 
14.6
ab
 15.4 12.9 12.8 
30 to 363 16.3
b
 16.8
b
 12.2 11.5
b
   14.5 14.9
b
 10.6
b
 10.7
b
   15.6
b
 16.4
b
 14.3
b
 13.4
b
   15.8
b
 16.5 14.5
b
 13.6 
1
Times are listed as seconds from the time the sow steps completely onto the force plate. 
2
Day -1 defined as the day before injection. 
3
Day +1 defined as the day after injection. 
4
LF=Left front foot, RF=Right front foot, LR=Left rear foot, RR=Right rear foot. 
a,b 
Significant differences (P≤ 0.05), for columns, between times within foot injected with 10 mg/mL amphotericin B in their distal interphalangeal joint for 
lameness induction. 
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Figure 3.1. Mean pressure applied to each foot
1
 per minute on Day -1 using an embedded 
microcomputer-based force plate
2
 when the rear right foot was injected with 10 mg/mL 
amphotericin B in their distal interphalangeal joint, using the Minute Model. 
1
All feet: Left Front (LF), Right Front (RF), Left Rear (LR) and Right Rear (RR) were included.  
2
The mixed linear model used included: Day relative to lameness induction, time period, and the 
interaction fitted as fixed effects and sow within replicate fitted as a random effect. 
3
Each minute is independent, 1 min = 0 to 59 sec; 2 min = 60 to 119 sec. 
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Figure 3.2. Pressure applied to each foot
1
 per minute on Day +1 using an embedded 
microcomputer-based force plate
2
 when the rear right foot was injected with 10 mg/mL 
amphotericin B in their distal interphalangeal joint using the Minute Model. 
1
All feet: Left Front (LF), Right Front (RF), Left Rear (LR) and Right Rear (RR) were included.  
2
The mixed linear model used included: Day relative to lameness induction, time period, and the 
interaction fitted as fixed effects and sow within replicate fitted as a random effect. 
3
Each minute is independent, 1 min = 0 to 59 sec; 2 min = 60 to 119 sec. 
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Abstract 
Lameness is one of the main reasons for removal of sows from commercial swine breeding herds 
in the United States.  Associated losses in productivity and increased utilization of replacement 
gilts result in increased costs to the producer.   Lameness detection typically is based upon 
subjective visual evaluation, which requires time, training, and can be biased between and within 
individuals.  The microcomputer-based embedded force plate system provides an objective 
approach to lameness detection by measuring the force generated by each individual limb. The 
objectives of this study were: 1.) to examine the relationship between force applied by each leg 
as measured by the force plate and the degree of visually assessed lameness under conditions 
applicable to a commercial herd; and 2.) to develop an automated lameness detection algorithm 
based on the force plate output. The force plate device was installed within an electronic sow 
feeder (ESF) and used to monitor a subset of the 120 multiparous gestating sows housed in a 
dynamic group over a 21 day period. Each day sows entered the ESF station one at a time to eat.  
At times when the sow stood squarely and applied pressure to all quadrants of the device, the 
force applied by each foot was recorded once per second. Sows were visually scored for the 
presence of lameness using a four point scale (0= normal to 3 = severely lame) on a weekly 
basis, and classified based on this visual assessment as non-lame (score ≤ 1) or lame (score ≥ 2). 
An ensemble learning method called Random Forest was used to identify the optimal decision 
tree for classifying the force plate data into similar categories of non-lame and lame.  A Kappa 
Statistics test was used to measure the level of agreement between the visual scoring and force 
plate results. Changes in lameness status as well as the first day of lameness identification for 
each detection method were also analyzed. Seven variables were included in the classification 
tree with the most weight given to the difference between the forces applied to the 2 hind legs. 
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The two lameness detection methods assigned the same lameness classification in 96% of cases 
and had substantial agreement (Kappa Statistic = 0.79; P < 0.05). However, the classification 
tree algorithm detected lameness almost 5 days earlier than the visual scoring system (P < 
0.001). Additionally, comparing lameness of sows from time of entry into group, showed an 
increase in lameness after the first week regardless of the lameness scoring method. Results 
demonstrate that under conditions applicable to a commercial herd, the force plate can accurately 
detect lameness sooner than a weekly visual lameness assessment. 
 
Keywords: sow, lameness detection, force plate, weight distribution 
 
Introduction 
Lameness is a major concern for swine producers as it negatively affects sow welfare and 
farm profitability (Dewey et al., 1993). Lameness is one of the most common reasons for 
involuntary sow removals (Stalder, 2004) and could become a larger concern as the swine 
industry transitions to group sow housing systems (Calderón Díaz et al., 2014). It is estimated 
that, on average, 10% of sows are removed due to lameness (Anil et al., 2009; Nikkilä et al., 
2013). This high replacement rate negatively influences sow longevity and overall herd 
performance (Stalder et al., 2004; Rodríguez et al., 2011). For instance, first parity sows have 
smaller litter sizes and litters are lighter when compared to higher parity sows (Pluym et al., 
2013). This lowers the herd mean litter size and the mean number of pigs weaned per sow per 
year (Engblom et al., 2007; Anil et al., 2009). Additionally, it has been reported that lame 
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lactating sows have a lower feed intake which could result in decreased milk production that 
results in poor litter performance (Lucia et al., 2000; Fitzgerald et al., 2012).  
In order to address lameness, an accurate and timely detection method is needed. 
Currently, lameness detection is commonly evaluated by visually observing a sow’s gait and 
standing posture and assigning a subjective lameness score. However, such methodology is 
highly dependent on the observers’ training and experience (Main et al., 2000; Quinn et al., 
2007), and subclinical lameness could go undetected (Alawneh et al., 2012), making lame sow 
treatment more challenging before the condition deteriorates.  
Efforts to identify sow lameness using objective methodologies include: footprint 
analysis, kinematics, accelerometers, nociceptive threshold testing (Grégoire et al., 2012; 
Mohling et al., 2014; Paris-Garcia et al., 2014) and an embedded microcomputer-based force 
plate (Sun et al., 2011; Karriker et al., 2013; Abell et al., 2014). Although results are promising, 
these methodologies may be complex and time consuming. Additionally, many of these tools 
have only been used in controlled laboratory settings and their use in commercial swine facilities 
is unknown. The embedded microcomputer-based force plate (hereafter referred to as the force 
plate system) could be implemented in a commercial setting as it can be fitted under an 
electronic sow feeder (ESF) system. Based on the information collected by the force plate 
system, a lameness classification tree can be obtained for each sow (Abell et. al., 2014). The 
objectives of this study were to utilize the force plate in a commercial setting to determine the 
relationship between force applied by each leg when sows are in varying degrees of lameness, 
and to develop a lameness classification tree.  
 
56 
 
Materials and Methods 
This study was conducted under the guidance of the University of Pennsylvania 
Institution of Animal Care and Use Committee protocol number 804656. Additionally, the study 
was performed in accordance with the Guide for the Care and Use of Agricultural Animals in 
Research and Teaching as issued by the Federation of Animal Science Societies (FASS, 2010).  
The study was managed at the University of  Pennsylvania School of Veterinary 
Medicine’s Swine Teaching and Research Center. The force plate device (1.52 m L × 0.56 m W 
× 0.11 m H) was installed for 21 day within one of the two electronic sow feeding (ESF) stations 
used to feed a single pen of group-housed gestating sows.  Approximately 120 crossbred Large 
White × Landrace sows (PIC 1050) were housed in a large dynamic group at a space allowance 
of 2.05 m
2
 per head. Seventy-six sows logged force recordings for more than 1 week. The force 
plate consisted of four quadrants [right front (RF), left front (LF), right rear (RR), left rear (LR)] 
that measured the force (kg) applied by each sow foot. The force applied was recorded once per 
second and accepted after the sow stood squarely and applied pressure to all quadrants. If a sow 
applied less than 4.5 kg on two adjacent quadrants or if the sow did not apply any force to one 
quadrant, the information for that recording point was deleted. For further details regarding the 
design and data recording methodology for the force plate, please see Sun et al., (2011) and 
Abell et al., (2014). 
In the present study, the force applied to each sow foot was recorded during her first daily 
visit to the ESF. Additionally, lameness was visually assessed on a weekly basis using a four 
point scale where 0 = sow moves easy, comfortable on all feet; 1 = sow moves easily, only minor 
deviation from normal gait; 2 = sow exhibits compensatory behaviours such as dipping her head 
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or arching her back, to account for reduced pressure on one or more limbs; 3= sow is reluctant to 
bear weight on one or more legs making it difficult to move her (Zinpro, 2008).  
Statistical analysis 
 Lameness classification tree  
A classification tree was constructed to identify lame sows using the randomForest 
package in R (Liaw et al., 2015). First, the percentage of the total force applied by each sow 
according to quadrant for each recording point step was calculated. The force recorded is 
illustrated in Figures 4.1 and 4.2 for a sound and lame sow respectively.  Descriptive statistics 
included average force (mean), standard deviation of the force applied, and skewness (i.e. 
measurement to evaluate the degree of asymmetry of the force applied). Additionally, the 5
th
 
percentile (P5) of the force applied on each quadrant, 95
th
 percentile (P95), range between P95-
P5, maximum and minimum standard deviations for that date, maximum and minimum 
skewness, maximum and minimum P5 and P95 and the maximum P95 minus P5 were calculated 
for each sow, per day, on each quadrant using SAS v9.3 PROC MEANS (SAS, Cary, NC) 
The P5 value was selected because it provides a more accurate value for the minimum 
force applied by the sow, because when she adjusts her weight between limbs, the plate gives a 
recording of 0 kg. The P95 provides a more accurate value for the maximum force applied by the 
sow, as excessive force could be applied by the sow when she pushes up on the feed trough or 
adjusts her weight.   
The second step was to calculate the difference between the force applied between LR-
RR, RF-RR, LF-LR, LF-RF, and a difference of the contralateral measurements (LF-RR) - (RF-
LR) for inclusion in the classification tree. Additionally, the weekly visual lameness score was 
used as the deterministic variable for the creation of the lameness classification tree. Based on 
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the visual lameness scoring, sows were classified as non-lame (visual score ≤ 1) or lame (visual 
score ≥ 2). If a sow was identified as lame during the weekly assessment, she was considered 
lame for the week prior to the lameness identification.  
The previously mentioned variables were included in the creation of the lameness 
classification tree. In Random Forest analysis (Breiman, 2001), multiple trees are created from 
the inputted data (i.e. 1,000 in the present study), which use a subset of the total daily sow 
recordings to make a tree. The randomForest package automatically selects the variables with 
more predictive ability and the variables that were used in the greatest proportion of trees were 
considered to be the most valuable to identify lameness. The value can also be seen in the length 
of the branches, as longer branches indicate more valuable variables (Azzalini et al., 2012).  
Each specific classification tree was created using randomly selected sows at different 
days; this allows validation by comparing trees created with different sources of information by 
testing those cases left out of the creation process for classifying the sow correctly sound or 
lame. Each node of the classification tree represents a test. Each test is associated with an 
inequality threshold value. If the inequality is met, the tree will branch to the left, otherwise it 
will branch to the right. At the end of each branch either a new node will be created to follow, or 
a value of “0” or “1” is reached. A value of “0” means the sow is classified as sound and a value 
of “1” represents a lame sow. The percentage of time the incorrect decision is made is called the 
out-of-bag error estimates (oob error; Breiman, 2001). The oob error is reported for the entire 
classification tree process.  
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Comparison between lameness evaluation systems 
A Kappa Statistics test in SAS v9.3 PROC FREQ (SAS, Cary, NC) was used to measure 
the level of agreement between the visual scoring and force plate results from the classification 
tree. A Kappa Statistics test considers the likelihood that the results could have been due to 
chance; a score of 0 means the results were entirely due to chance and 1 is perfect agreement 
between two observations. Kappa Statistics scores of 0.4 to 0.6 mean a moderate level of 
agreement, 0.61 to 0.8 a substantial agreement, and 0.81 to 0.99 almost perfect agreement (Viera 
and Garret, 2005).  
Additionally, weekly changes in lameness status between scoring methods were analyzed 
using generalized estimated equations in SAS v9.3 PROC GENMOD (SAS, Cary, NC). The 
model included lameness scoring method, measuring week, and their interaction. Results are 
reported as odds ratios with the associated 95% CI. An odds ratio greater than 1 is indicative of 
an increased risk of lameness, whereas an odds ratio less than 1 indicates a reduced risk of 
lameness compared with the reference category. 
Day of first lameness detection  
A univariate generalized linear mixed model with lameness scoring method included as 
fixed effect was used to identify possible differences in the time of lameness identification 
between scoring methods, using SAS v9.3 PROC GLIMMIX (SAS, Cary, NC). The day for the 
visual assessment was considered the day the visual observation took place. Results are reported 
as least squares means with their associated standard errors.  
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Results 
Lameness classification tree  
 Seven variables were needed for inclusion in the lameness detection model to accurately 
detect lameness in sows using the force plate (Figure 4.3). The significant variables included LR-
RR, P95-P5 for LR, the minimum value of the P95, the standard deviations for the RF and LF, 
the average for LF, and the skewness for LF. The oob error rate for the classification tree created 
in this study was 6.4%.  
Comparison between lameness evaluation systems 
Twenty-one days of data collection yielded 956 daily lameness records for each lameness 
scoring method. There were 107 and 99 records for sows scored as lame and 840 and 856 records 
for sows scored non-lame, by the force plate and visual scoring method (considering sows as 
lame/sound for each day during the week previous to visual scoring), respectively. However, 
both methods assigned the same classification for 80 and 829 lame and sound scores, 
respectively, across the study period. This means that in 96% of the cases both scoring methods 
were in agreement. Furthermore, the lameness classification tree model and the visual lameness 
scoring system had substantial agreement beyond that expected by chance with a Kappa Statistic 
of 0.79 (P < 0.05).  
Comparing lameness status across weeks showed an increase in the risk for a sow to 
become lame from week 1 to week 2 (Odds ratio = 1.84; CI = 1.13 to 3.02; P < 0.05) irrespective 
of the scoring method used to assess lameness; however, there was no difference in the risk for a 
sow to become lame between week 2 and week 3 (P > 0.05). 
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Day of first lameness detection 
 The force plate was able to identify lameness 4.62 ± 0.97 days earlier (P < 0.0001) 
compared to weekly visual lameness scoring.  
Discussion  
 Results from this study suggest that the force plate is able to accurately detect differences 
in pressure applied between feet, and more importantly, lameness status in multiparous sows in a 
commercial sow breeding herd. A recent study showed that data obtained from the force plate 
can be used to create classification trees for automated lameness identification (Abell et al., 
2014). Interestingly, some variables (i.e. the difference in force applied by the left and right rear 
legs, and the minimum value of the 95th percentile) included in the classification tree reported in 
the present study, were not used as potential sources of information by Abell et al., (2014). It is 
important to note that Abell et al. (2014) developed individual lameness classification trees for 
each foot and thus, some variables, such as the difference between the pressure applied in two 
adjacent feet may only become relevant when classifying lameness status irrespective of the 
affected limb. In the present study, difference in the pressure applied between the left and right 
rear legs was selected as the most important variable for the classification tree. This was likely 
due to the fact that 100% of lameness observed in the present study occurred in the rear legs. The 
fact that lameness was observed only in the rear leg agrees with findings in the literature 
reporting that hind limbs are most commonly affected by lameness (Kroneman et al., 1993; 
Jorgensen, 2000). Furthermore, the fact that greater range between the 95
th
 and 5
th
 percentile was 
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only important for the left rear leg could indicate that the majority of sows used for this study 
were lame in the right rear leg; however, further research is required.  
As sows become lame, the maximum pressure exerted decreases in the affected limb 
(Karriker et al., 2013), thus the minimum for 95
th
 percentile decreases, indicating a positive 
lameness detection. Due to the feeder being positioned slightly to the right of the sows’ midline, 
on average, sows needed to apply more pressure in the left front quadrant to access the feeder. 
The reason randomForest selected the standard deviations and the skewness for certain 
measurements remain unclear and requires further investigation.  
The oob error rate indicates that a low percentage of sows received an incorrect lameness 
classification. The oob error rate found in the present study was greater than the one reported by 
Abell et al., (2014) during the first 3 days after lameness induction (i.e. the period of time where 
animals were clinically lame; Karriker et al., 2013) using the same lameness classification tree 
methodology. Differences between studies could be attributed to the fact that the Abell et al. 
(2014) study was a controlled lameness induced study and the severity of lameness was similar 
for all the animals involved across all the experimental periods. In the present study, lameness 
severity varied between sows and between weeks. Nonetheless, the likelihood that the two 
lameness detection methods were similar beyond chance was very high, implying the 
classification tree can accurately detect lameness. With an increasing number of sows that are 
group housed, lameness may become a bigger problem (Calderón Díaz et al., 2014), and thus 
accurate and timely detection is essential. Results indicate the force plate can detect lameness 
almost 5 days sooner than a weekly visual lameness assessment. This could be partially 
explained by the force plate providing daily recordings instead of weekly observations. One of 
our goals was to replicate commercial herds as close as possible. It is not a common practice in 
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commercial herds to conduct routine lameness identification but rather a general daily 
observation of the breeding herd. Lame sows usually go unnoticed until clinical signs are very 
evident. If an animal was observed clinically lame before the weekly assessment, the sow was 
removed from the trial for treatment. Most of the sows in the present study were mildly lame and 
unless the weekly lameness assessment was performed, most likely they would go unnoticed 
until the condition has deteriorated. By comparing the daily force plate information to the weekly 
score we were able to identify lameness correctly before the condition worsens.    
This is of vital importance as early detection of lameness is critical in preventing the 
condition from deteriorating. Earlier detection would provide the producer management and 
treatment options. Additionally, this system in the future could create a daily printout of 
suspected lame animals to be visually examined, thus increasing worker efficiency and efficacy 
by examining one a daily basis only animals that are classified as lame by the force plate. As the 
industry transitions to more third party audits, the force plate also provides production companies 
with an extra safe guard to ensure sows are being cared for in the most humane way possible.  
By the second week of the trial, the likelihood of a sow being classified as lame increased 
compared to week 1. The sows used in this study were in a dynamic group with sows entering 
and exiting on a weekly basis, subjecting the sows to constant regrouping and aggressive 
interactions to establish social hierarchy (Marchant et al., 1995).  
Conclusion 
The lameness classification tree created, based on the information gathered from the 
force plate, can accurately detect lameness earlier than a weekly visual assessment.  This could 
aid in designing management practices for lame sows that prevent the condition from 
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deteriorating. Further research needs to be done in order to validate the lameness classification 
tree in a separate sow herd.  
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Figure 4. 1. Force applied
1
 to each foot
2
 per second
3
 for a sound sow using an embedded 
microcomputer-based force plate.  
1
The raw force applied to each foot as a percentage of the sows total body weight. 
2
All feet: Left Front (LF), Right Front (RF), Left Rear (LR) and Right Rear (RR) were included.  
3The fist 100 seconds of data used after making sure the sow was on the force plate, where each 
second is independent of the next. 
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Figure 4. 2. Force applied
1
 to each foot
2
 per second
3
 for a lame sow using an embedded 
microcomputer-based force plate.  
1
The raw force applied to each foot as a percentage of the sows total body weight. 
2
All feet: Left Front (LF), Right Front (RF), Left Rear (LR) and Right Rear (RR) were included.  
3The fist 100 seconds of data used after making sure the sow was on the force plate, where each 
second is independent of the next. 
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Figure 4. 3. Lameness classification tree.  
Each node of the classification tree represents a test. Each test is associated with an inequality 
threshold value (Represented by a letter in this example). If the inequality is met (i.e. a sows 
value for LR-RR is less than value a) the tree will branch to the left, otherwise it will branch to 
the right. At the end of each branch either a new node will be created to follow, or a value of “0” 
or “1” is reached. A value of “0” means the sow is classified as sound and a value of “1” 
represents a lame sow
8
.  
1
LR-RR=The percentage difference in force applied between the Left Rear and Right Rear 
quadrants 
2
Range LR=The difference between the sows 95th percentile value for force applied in a day and 
5th percentile for the Left Rear quadrant. 
3
MinP95=The minimum value between the four force plate quadrants for the 95th percentile 
quadrant. 
4
SD RF=The standard deviation of the force plate recordings for the Right Front quadrant. 
5
SD LR=The standard deviation of the force plate recordings for the Left Rear quadrant. 
6
Avg LF=The mean value for the force applied to the Left Front quadrant. 
7
Skew LF=The skew of the recordings for the Left Front quadrant. 
8
Visual lameness assessment was included as a deterministic variable (non-lame [score ≤ 1] or 
lame [score ≥2]). 
73 
 
CHAPTER 5: GENERAL DISCUSSION AND CONCLUSIONS 
  
 Sow lameness will continue to be an important issue to the future of the swine industry. 
While there are many ways to measure lameness both in the laboratory and on the farm, each 
method presents some challenges. The main goal is to be able to detect lameness in a quick and 
accurate way, allowing producers to determine a course of treatment. This thesis discussed 
specifically the use of the force plate system for lameness identification in sows. Previously, 
sows were kept on the force plate for 15 to 30 min (Abell et al., 2014; Karriker et al., 2013; Sun 
et al., 2011). This is not an efficient use of research time and money. The third chapter reported 
that a sow’s weight distribution changed as she stood on the force plate. It was found that after 
12 minutes the sow’s distribution changed as she may have gotten bored with the feeder.  
Additionally, the sow needed time to adjust to standing in the gestation stall with the force plate 
underneath of it.  Thus a 30 sec burn-in time was needed. The final time that provided the best 
combination of efficiency and accuracy was after a burn-in period using 30-210 sec, which is 
shorter than an average sow’s feeding time. In the fourth chapter, a force plate was installed into 
a commercial research sow farm under an electronic sow feeder.  A decision tree was created to 
detect lameness in sows from the force plate output.  Results showed a high similarity to visual 
observations and that the force plate was able to identify lameness sooner than a weekly visual 
observation.  These results can be used to provide a baseline for a larger scale test to validate if 
the variables identified as important for lameness detection in this study are the same in other 
swine operations.  If one common decision tree can be developed, a force plate can be installed 
into any commercial sow farm utilizing an ESF system.  The force plate readings can occur 
while the sow is eating and before she has finished her daily ration, the ESF will know whether 
to send her back into the group pen or into a separate pen for an employee to examine her.  This 
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examination will allow for a more thorough analysis by farm employees of sows that may just be 
starting to become lame. This would allow the producer to decide whether to treat a sow or 
remove her for cull sow value before she needs to be euthanized, thus allowing for better well 
being of the sows and more profit for the producer. Future research in other types of group 
housing systems with different group sizes and pen designs is needed to determine if the force 
plate can be widely applied for lameness identification in the swine industry.   
